A 24-year set of data from monitoring of a nesting beach at Bald Head Island, North Carolina, USA, was analysed in parallel with limited data from nearby rookeries to investigate trends in loggerhead turtle Caretta caretta nesting numbers. There was no statistical evidence of an increasing or decreasing trend in numbers of clutches laid per year, although a significant decrease in the number of turtles nesting and number of clutches laid per year was found from 1991. Remigrating turtles were larger and had larger annual clutch frequencies than neophyte turtles. Annual levels of nesting at beaches within the Cape Fear area were significantly correlated. The stable trend in number of clutches laid across more than two decades is discussed in relation to other factors affecting marine turtles in North American waters.
marina and dock development (NMFS & FWS, 1991) . Turtles on the beaches of North Carolina may be affected by beach renourishment, artificial lighting and increased human presence (e.g. development or beach driving). Specific rookeries of the northern subpopulation have been characterized as in decline, particularly in Georgia and South Carolina (Frazer, 1986; Hopkins-Murphy & Murphy, 1988; National Research Council, 1990; NMFS & FWS, 1995; Turtle Expert Working Group, 2000) . Hopkins- Murphy et al. (2001) reported a 5% decline per year in the nesting population of South Carolina from 1980-1997. Nesting at Little Cumberland Island, Georgia, was also reported to be declining by 2.6% per annum between 1964 and 1995 (Frazer, 1983; Turtle Expert Working Group, 1998) . Because of its small and therefore vulnerable size, the northern subpopulation has been of special concern. In January 2002 the Turtle Island Restoration Network filed a petition (Turtle Island Restoration Network, 2002) to reclassify the Florida panhandle and northern subpopulations of Atlantic loggerhead turtles as distinct and endangered. Federal agencies recently ruled that this reclassification was not warranted (FWS & NMFS, 2003) . To date, few data have been published concerning trends of nesting populations of loggerhead turtles in North Carolina.
Prompted by local concern and perception of a general decline, this study was initiated to analyse detailed biological data from a 24-year monitoring project of loggerhead turtles at Bald Head Island, North Carolina, USA.
Methods
The study was carried out at Bald Head Island, located in south-eastern North Carolina at Cape Fear (Fig. 1) . The
Introduction
The largest nesting population of the loggerhead sea turtle Caretta caretta in the Atlantic Ocean is that of the south-eastern USA where an estimated 74,000 nests are laid annually (Turtle Expert Working Group, 2000) . Loggerhead nesting was first reported in the USA by Catesby (1731 Catesby ( -1743 and currently occurs as far north as New Jersey and 2,200 km southwards to the Caribbean (Carr et al., 1979; Shoop et al., 1985) . Aerial surveys flown by Murphy & Hopkins (1984) indicated that approximately 90% of the nesting effort in the USA occurs in Florida, with a further 6% in South Carolina and 2% in each of Georgia and North Carolina. The loggerhead population in the south-eastern USA is genetically structured into three subpopulations (Encalada et al., 1998) : north-west Florida (the panhandle subpopulation), south Florida (the southern subpopulation), and north-eastern Florida to North Carolina (the northern subpopulation).
Threats to sea turtles in the marine environment of North America come from diverse fishing operations (including extensive trawling and gill netting), dredging, pollution, power-plant entrapment, entanglement and coast of the Island has extensive sandy shores and 15.3 km of beaches. The beaches were patrolled every hour on a nightly basis between 21.00 and 06.00, from late May until mid August 1980 to 2003, by teams on all terrain vehicles.
Tagging was initiated in 1991. If turtles carried flipper tags and had been recorded nesting in a previous season, they were recorded as remigrants. Turtles that carried no flipper tags were recorded as neophytes (turtles recorded nesting for the first time) and Inconel flipper tags (National Band and Tag Co.) were applied to the trailing edges of both front flippers. For the purpose of this investigation neophytes were only considered as such from the 1993 season onwards. In the 2002 and 2003 nesting seasons only, nesting turtles were also injected with PIT tags. We collected data on curved carapace length (notch to tip) and width as described by Bolten (1999) . The morphometric data used in analyses used the mean of all measurements of each female per season.
All adult female emergences were recorded as either nests (when a clutch was deposited) or non-nesting emergences (no egg deposition). The rate of interception of turtles was measured as the proportion of nests that were observed and attributed to a given turtle. If activities were unobserved, tracks were examined for evidence of clutch deposition, following Schroeder & Murphy (1999) . Adult emergence success was calculated as the proportion of emergences that resulted in clutch deposition out of the total number of nesting attempts (nests plus non-nesting emergences). Nests were identified and protected from predation using wide mesh wire screens in all study years. Nests were transplanted if they were likely to experience tidal inundation, or if they were laid in an area of high pedestrian traffic. Nest hatch success was the number of clutches that produced viable hatchlings out of the total clutches laid that season. Nests were excavated 3 days after completion of hatchling emergence or at 70 days of incubation, and contents counted to establish hatchling emergence success, defined as the proportion of eggs that produced viable hatchlings that reached the beach surface (Miller, 1999;  HE/T where HE = number of hatched eggs minus dead hatchlings and live subterranean hatchlings and T=total number of eggs in the nest).
The level of interannual variability in the number of nests laid was quantified using the coefficient of variation (CV) following Broderick et al. (2001) . Observed clutch frequency (OCF) was the number of clutches attributed to each known female. However, some turtles re-nested after intervals corresponding to multiple internesting intervals, (modal interval 14 days in this study) suggesting they had laid unobserved clutches during this interval. Therefore we adjusted OCF values to calculate estimated clutch frequency (ECF; Broderick et al., 2002) and give those values herein.
Results
Nesting at Bald Head Island during 1980-2003 ranged from 51 to 196 nests per season (mean P SD =108 P 37.8, CV = 0.35; Fig. 2a ) but showed no significant overall trend over time (Regression: F 1,23 = 4.122, P > 0.05, R 2 = 0.158). However, the magnitude of nesting at Bald Head Island declined significantly if data since 1991, when tagging began, were considered (Regression: F 1,12 = 8.55, P < 0.05, R 2 = 0.437). Tagging data were used to estimate the total annual number of turtles nesting in each season (mean P SD = 39.2 P 13.6, range 23-70) from 1991-2003. There was a significant negative trend in the total number of turtles recorded nesting since 1991 (F 1,12 = 16.16, P < 0.05, R 2 = 0.595; Fig. 2b ). Neither nest hatch success (mean P SD = 65.7 P 21.2%, range 63.1-90.6%; Fig. 3a) nor hatchling emergence success (82.9 P 20.7%, range 63.1-90.6%; Fig. 3b ) showed any significant trend over time. No trends in adult emergence success (47.5 P 11.8%, range 28.1-61.5%; Fig. 3c ) were apparent.
During the study tagging period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) 477 turtles were recorded, 110 of which were subsequently recorded as remigrants. The latter had remigration intervals between 1 and 7 years, although 93% returned to nest between 2 and 4 years, and 85% returned after 3 years or less ( Fig. 4 ). Mean rate of interception did not vary systematically (mean P SD = 79.4 P 7.2%, range 66.2-87.8% per season). Remigrant turtles (mean P SD = 104.2 P 1.8 cm, n = 99) were significantly larger than neophyte turtles (99.7 P 1.4 cm, n = 299), (paired t-test t 10 = 6.151, P < 0.01; Fig 5) . Remigrants contributed a significantly larger number of clutches per year (median ECF (interquartile range) = 3.2 (3-4.1) than neophytes (1.7 (1.6 -1.97); Fig. 6 ; Mann Whitney U Test: W 1,20 = 0.00, P < 0.01). There was no demonstrable trend in either female size ( Fig. 7) or clutch frequency (ECF, Fig. 6 ).
We could not clearly assess the level of within season nest site fidelity as there is no regular night-time monitoring on nearby beaches: Caswell Beach (c. 3 km away) and Long Beach, Oak Island (c. 7 km away; Fig. 1 ). Nests at these two sites show interannual variation (Caswell Beach, mean annual total = 57.6, range 19-100 nests, CV = 0.4, Fig. 8a ; Long Beach, mean annual total = 63.3, range 27-104 nests, CV = 0.4, Fig. 8b ) but no sign of the downward trend suggested in recent years at Bald Head Island (Fig. 2) . The seasonal totals of nests at all three beaches are significantly correlated with one another (Spearmans Rank: Bald Head vs Caswell Beach: r = 0.598, Bald Head vs Long Beach: r = 0.474, Caswell vs Long Beach: r = 0.867; P < 0.05). When annual nest totals from all three beaches were pooled for the period 1989-2003 (mean P SD= 226.5 P 72.03, CV = 0.38; Fig. 8c ), there was no significant trend over time. 
Discussion
Although current nesting numbers are lower than the early 1990s, for the whole period we found no evidence of a decline in numbers across the Cape Fear region. Nesting at Bald Head Island is relatively stable with fluctuations among years at the higher end of the range (CV = 0.12-0.45) of the conspecific populations reviewed by Broderick et al. (2001) . No measured factors reflecting beach suitability (such as adult emergence success) gave any indication of deterioration in the quality of Bald Head Island as a breeding site.
The results of this long-term effort offer four lessons regarding marine turtle monitoring and the interpretation of the data:
Firstly, it is important to consider the duration of monitoring effort. The 24-year data-set in its entirety suggests that the nesting population in the Cape Fear region is stable. However, if we only considered the data collected at Bald Head Island since the start of tagging in 1991 we would be concerned about a significant decline in nesting numbers. This highlights the critical need for monitoring of index sites over long periods and demonstrates that long-term monitoring is crucial in making robust conclusions about population trends.
Secondly, it is important to consider the geographic range of monitoring effort. Loggerhead turtles do not always show high levels of nest site fidelity (LeBuff, 1990) . Eleven turtles originally tagged at Bald Head Island have been reported nesting elsewhere on the Atlantic coast of the USA (North Carolina n = 6, South Carolina n = 2, Georgia n = 2, Florida n = 1; Peter Eliazar, pers. comm.). There will undoubtedly be some exchange of turtles with other local beaches within and between seasons. When the data from Caswell Beach and Long Beach were added to the Bald Head Island data, the impression of population stability was greatly strengthened. Given that the annual nesting totals of these beaches are significantly correlated it is likely that these turtles are part of the same stock, subject to similar environmental influences at the foraging grounds, which in turn contribute to synchrony in reproductive cycles as demonstrated in regional green turtle populations (Limpus & Nicholls, 1988; Kasperek et al., 2001) .
Thirdly, at best, successful conservation efforts will take several more decades to yield detectable results on the nesting beaches. Despite 24 years of protection and monitoring and a wide range of State and Federal regulations, including the introduction and mandatory use of Turtle Excluder Devices to all trawling vessels in US waters in 1992, the regulation of certain fisheries (Julian & Beeson, 1998) , and other measures designed to reduce the impact of anthropogenic activities, there has been no increase in nesting numbers in the Cape Fear region. There are several factors that may effectively limit population increase. Recent skeletochronological analyses suggest that loggerhead turtles in the north-west Atlantic mature in c. 30 years (Snover, 2002) . As such, monitoring at Bald Head Island may not have been in place long enough to detect positive impacts. A similar steady trend in annual nest numbers of loggerhead turtles has been reported from a nesting beach in Bahia, Brazil, which also initiated a nest protection programme in 1980 (Santos et al., 2000) . Sexual differentiation of loggerhead turtles is influenced by incubation temperatures experienced by clutches (Yntema & Mrosvosky, 1980) . On south-east USA beaches, at the cooler northern end of the nesting range, loggerhead turtles tend to produce more male hatchlings than in Florida (Mrosovsky & Provancha, 1992) . It is likely that nesting numbers will increase more quickly for a nesting population that produces proportionally more female hatchlings. Therefore, it may not be surprising that some nesting beaches in Florida are showing signs of increases in numbers of nests laid (Bagley et al., 2000) while North Carolina nesting beaches show no increase. There may be other factors outside the nesting area affecting the survivorship of this reproductive population. From 1993 to 2002, on average 437 turtles per year (up to five species) were stranded dead in North Carolina (M. Godfrey, unpubl. data). It is estimated that the number of observed stranded turtles represents 7-13% of all mortalities in an area (Epperly et al., 1996) , which equates to 3,362-6,243 turtle mortalities in North Carolina waters per year, 60-80% of which are loggerhead turtles (Cluse & Godfrey, in press) . Although the sources of these turtles include nesting beaches throughout the south-eastern USA (Bass et al., 1998) it is possible that the smaller nesting population in North Carolina is more sensitive to the anthropogenic effects of these increased mortalities from strandings.
Fourthly, other parameters in addition to nest numbers and number of turtles should form part of ongoing monitoring efforts. In this study, remigrants were larger and contributed more clutches per year than neophytes. This could be the result of either stronger within season site fidelity, greater reproductive capacity for remigrants or some combination of both of these factors. This relationship has also been found in loggerhead turtles in Georgia (Frazer & Richardson, 1984) , and in the Mediterranean (Hays & Speakman, 1992; Broderick et al., 2003) , suggesting that trends in mean female size and clutch frequency may also be used to assess population status. A size index signalling population change in loggerhead turtles has recently been demonstrated in Japan (Hatase et al., 2002) . Turtles at Bald Head Island exhibited overall higher estimated clutch frequency (mean P SD = 2.48 P 1.46) than at some other rookeries (e.g. Northern Cyprus, 1.9 P 1.2; Broderick et al., 2003) , but were below the range of values reported from the south-east USA (2.81-4.18; Schroeder et al., 2003) . Incomplete capture rates and 'edge effect' (Murphy & Hopkins, 1984) will lower resultant estimated clutch frequencies. Our interception rate, however, was consistently high and did not vary systematically, suggesting that our estimates are likely to be sufficiently sound for comparison of nest frequencies over time.
There could have been some recent changes that made Bald Head Island less suitable for nesting, such as increased development, disturbance, beach front lighting or negative effects from the nearshore, heavily used Cape Fear shipping channel, causing individuals to switch to nearby sites, contributing to lowered adult emergence success or leading to fewer clutches per female. However, our data suggest that all these parameters are stable.
Since tagging began in 1991 there has been a significant decline in the annual number of nesting individuals and the number of nests laid. It must be considered that given the observed stability of the Cape Fear region as a whole (even since tagging began), turtles may have switched to other Cape Fear beaches after being disturbed by tagging. Broderick & Godley (1999) found that tagging caused a small proportion of turtles to prematurely abandon nesting activity, but 5 out of the 9 turtles that reacted negatively returned to nest in the same season.
In summary, nesting beach surveys are the most commonly used methodology for assessing the status of marine turtle populations. Despite their logistical ease, even when study sites are relatively comprehensive, nesting beach surveys may not provide a sufficiently sensitive index of the status of the whole population. Firstly, they require many years to detect all but the steepest population trends. Secondly, they provide no direct information on adult males and cohorts of juveniles. It would be prudent in the future to investigate the relative abundance and population trends of these loggerhead turtles in their foraging grounds (see Bjorndal & Bolten, 2000 , for a collection of reviews) to more accurately assess population status. been possible without the invaluable help and support over the years from the North Carolina Wildlife Resources Commission. The manuscript was greatly improved by comments from two anonymous referees. BJG/ACB are supported by the Natural Environment Research Council and the Foreign and Commonwealth Environment Fund for the Overseas Territories. Lucy Hawkes is part-funded by the Anning Morgan Bursary from the University of Exeter. 
